There is growing evidence of sex differences in the chronic effect of aerobic exercise on endothelial function (flow-mediated dilation; FMD) in older adults, but whether there are sex differences also in the acute effect of aerobic exercise on FMD in older adults is unknown. The purpose of this study was to test the hypothesis that sex modulates the FMD response to acute aerobic exercise in older adults. Thirteen older men and fifteen postmenopausal women (67 ± 1 vs. 65 ± 2 years, means ± SE, P = 0.6), non-smokers, free of major clinical disease, participated in this randomized crossover study. Brachial artery FMD was measured: 1) prior to exercise; 2) 20 min after a single bout of high-intensity interval training (HIIT; 40 min; 4 × 4 intervals 90% peak heart rate (HRpeak)), moderate-intensity continuous training (MICT; 47 min 70% HRpeak) and low-intensity continuous training (LICT; 47 min 50% HRpeak) on treadmill; and 3) following 60-min recovery from exercise. In older men, FMD was attenuated by 45% following HIIT (5.95 ± 0.85 vs. 3.27 ± 0.52%, P = 0.003) and by 37% following MICT (5.97 ± 0.87 vs. 3.73 ± 0.47%, P = 0.03; P = 0.9 for FMD response to HIIT vs. MICT) and was normalized following 60-min recovery (P = 0.99). In postmenopausal women, FMD did not significantly change in response to HIIT (4.93 ± 0.55 vs. 6.31 ± 0.57%, P = 0.14) and MICT (5.32 ± 0.62 vs. 5.60 ± 0.68%, P = 0.99). In response to LICT, FMD did not change in postmenopausal women nor older men (5.21 ± 0.64 vs. 6.02 ± 0.73%, P = 0.7 and 5.70 ± 0.80 vs. 5.55 ± 0.67%, P = 0.99). In conclusion, sex and exercise intensity influence the FMD response to acute aerobic exercise in older adults.
Introduction
Advancing age is a major risk factor for cardiovascular disease, the leading cause of death in the world (Writing Group et al., 2016) . Aging is associated with endothelial dysfunction, which is characterized by impairments in flow-mediated dilation (FMD) (Celermajer et al., 1994) , an independent predictor of future cardiovascular events in older adults (Yeboah et al., 2009 ). However, the onset and rate of decline in FMD varies by sex. In men, FMD begins to decline approximately a decade earlier than in women, but the decline is not as steep as in women (Celermajer et al., 1994) . In women, FMD begins to decline in the early perimenopausal years and deteriorates with loss of ovarian function and with prolonged estrogen deficiency (Moreau et al., 2012) .
Regular aerobic exercise can reverse endothelial dysfunction in aging, but there is growing evidence of sex differences in the chronic endothelial adaptations to aerobic exercise training (Santos-Parker et al., 2014) . In older men, regular aerobic exercise is associated with improved FMD (Eskurza et al., 2004; Eskurza et al., 2005; Pierce et al., 2011) , but the results in postmenopausal women are inconsistent Casey et al., 2007; Pierce et al., 2011; Swift et al., 2012; Yoshizawa et al., 2010) . Understanding endothelial responsiveness to acute exercise in older adults may provide keys to understanding sex disparities in long-term vascular adaptations to exercise training.
A number of factors appear to influence the acute effects of exercise on endothelial function including sex, exercise intensity and duration, as well as timing of post-exercise vascular measurements (reviewed in Dawson et al., 2013) , but previous studies have primarily focused on healthy young adults or patients with cardiometabolic diseases. In older men and postmenopausal women, this area remains grossly understudied, and whether sex influences the acute endothelial responsiveness to exercise in older adults is unknown.
Therefore, the purpose of this randomized crossover study was to test the hypothesis that sex modulates the FMD responses to acute aerobic exercise in older adults. Due to increasing interest in high-intensity interval training (HIIT) as a potentially superior alternative to traditional moderate-intensity continuous training (MICT), the current study sought to examine the acute FMD response to HIIT compared with MICT in older adults. To further examine the effect of exercise intensity on FMD in older adults, the present study also investigated the acute FMD response to low-intensity continuous training (LICT). FMD was measured in older men and postmenopausal women, prior to exercise, 20 min after a single bout of HIIT, MICT and LICT, and following 60-min recovery.
Methods

Subjects
Thirteen men and fifteen postmenopausal women, 55 to 79 years of age, participated in this study. Postmenopausal status was defined as cessation of menses for at least two years. All subjects were free of overt cardiovascular and major clinical disease (e.g., diabetes, liver and renal disease). Health screening included medical history, physical examination, and blood pressure and ECG during rest and in response to a clinically-supervised diagnostic exercise treadmill test. Subjects did not smoke or use tobacco products and were not on hormone replacement therapy (e.g., estrogen, progesterone or testosterone) for at least 2 years prior to study enrollment. Volunteers who were on a stable drug regimen (e.g., statins or diuretics) were enrolled in the study, but were required not to change their use of medication during study participation. Individuals who used beta blockers were excluded from participation due to the potential confounding influence on exercise heart rate.
Subjects were weight stable defined as b5% change in body weight for at least 6 months before study participation and were not actively trying to lose weight. Subjects' physical activity status ranged from sedentary to recreationally active and was assessed by self-report and by accelerometry. Triaxial accelerometers were worn on the waist at the midaxillary line for 3 weekdays and 1 weekend day (ActiGraph GT3X, software version 6.10.0) as we have previously published (Hwang et al., 2016) .
The study was approved by the Institutional Review Board of the University of Florida and conformed to the ethical standards of the Declaration of Helsinki. Prior to obtaining written informed consent, the purpose, nature and risk of the study procedures were explained to the subjects and questions were addressed. Study procedures and supervised exercise sessions were performed at the Integrative Cardiovascular Physiology Laboratory at the University of Florida.
Study design
This was a randomized crossover study with three exercise conditions. A single bout of HIIT, MICT and LICT were completed on separate visits, at least one week apart, in a counterbalanced order. FMD was measured prior to exercise, following the end of exercise and after 60-min recovery (Fig. 1) . A subgroup of subjects, composed of 5 older men and 5 postmenopausal women, also completed a control condition, which consisted of sitting quietly for 45 min. Reading or watching a documentary during this time were allowed. Timing of FMD assessments is described in detail under section 2.6.
General experimental protocol
Subjects visited the laboratory on six separate occasions: visit 1 for resting ECG, blood pressure, and other screening measures; visit 2 for body composition scan; visit 3 for diagnostic maximal graded exercise test; and visits 4, 5 and 6 for vascular measures in response to acute exercise. A subgroup of subjects completed an additional visit for vascular measures in response to a control condition. Visit 1 was conducted in the morning after 12-hour overnight fasting and abstinence from caffeine, while visits 2 and 3 were conducted at different times of day following at least a 4-hour fast and abstinence from caffeine (water intake ad libidum). To investigate the vascular responses to acute exercise, vascular measures began between 11 am and 3 pm. Timing of measures was consistent within subjects and was similar between older men and postmenopausal women. Subjects were instructed to abstain 1) from caffeine, food and liquid intake (besides water) for at least 4 h prior to the vascular measures and 2) from exercise or vigorous physical activity for at least 20 h prior to each visit. Subjects were allowed to take their medication on the days of vascular testing but were asked to replicate exactly the time/dose of medication intake.
Acute exercise protocols
Exercise intensity was based on peak heart rate (HR peak ), which was determined during the maximal graded exercise test. The exercise protocols were performed on the treadmill and are described in Fig. 2 . The HIIT and MICT sessions consisted of a total of 40 and 47 min of walking, respectively, including a 10-min warm up and 5-min cool down. These protocols were designed by Tjonna et al. to compare the effect of intermittent high-intensity versus continuous moderate-intensity exercise, while maintaining their caloric expenditure equal (Tjonna et al., 2008) . MICT and LICT consisted of a total of 47 min of walking, and were selected to compare moderate-versus low-intensity continuous exercise while maintaining exercise duration in the two protocols equal. ECG and heart rate were monitored and recorded throughout each exercise session (Case, GE Healthcare). Target heart rate was attained by adjusting the treadmill speed for LICT and MICT, while for HIIT both the speed and incline were adjusted. Fig. 1 . Timing of measurements. Flow-mediated dilation (FMD) was measured prior to exercise, following the end of a single exercise bout of low-intensity continuous training (LICT), moderate-intensity continuous training (MICT), and high-intensity interval training (HIIT) and after 60-min recovery. Fig. 2 . Exercise sessions were performed on the treadmill and were preceded by a 10-min warm up and were followed by a 5-min cool down (hatched bars). High-intensity interval training (HIIT) consisted of 4 × 4-min intervals at high intensity (90% peak heart rate (HR peak ); dark solid bar) interspersed by 3-min active recovery periods at moderate intensity (70% HR peak ; light solid bar). Moderate-intensity continuous training (MICT) consisted of 32 min exercise at 70% HR peak (solid bar). Low-intensity continuous training (LICT) consisted of 32 min exercise at 50% HR peak (solid bar).
Maximal graded exercise test
A maximal graded exercise test was performed on the treadmill using an individually customized protocol as previously described (Hwang et al., 2016) . The protocol consisted of a 6-minute warmup of horizontal walking at a speed corresponding to 70-80% of age-predicted maximal heart rate, followed by grade increases of 2.5% every 2 min until volitional exhaustion. Oxygen consumption was measured using computer-assisted open-circuit spirometry. Peak oxygen consumption (VO 2peak ) was considered to represent maximal oxygen consumption (VO 2max ) when at least three of the following criteria were attained: a) plateau in oxygen consumption (b100 ml) with increasing exercise intensity; b) a maximal respiratory exchange ratio of at least 1.15; c) achievement (± 10 beats/ min) of age-predicted max heart rate (220-age); and d) a rating of perceived exertion of at least 18 on the Borg Rate of Perceived Exertion scale. The criteria for VO 2max were not met in all subjects, therefore the term VO 2peak is used in describing the results.
Brachial artery FMD
FMD was assessed non-invasively at the brachial artery using an ultrasound/Doppler system equipped with a 7.5 MHz linear vascular transducer (Aplio XV, Toshiba) strictly following established guidelines (Corretti et al., 2002; Thijssen et al., 2011) , as we have previously described (Yoo et al., 2015) . Ultrasound images were obtained while subjects rested supine, in a quiet, semi-darkened temperature-controlled room. FMD was measured after 20 min of supine rest for the pre-exercise assessment, 20 min post-exercise for the end of exercise assessment and after 60 min of supine rest for the 60-min recovery assessment. For the control condition, FMD was measured after 20 min of supine rest, 20 min after the end of control condition, and after 60-min supine rest.
The subject's right arm was abducted and fixed in position at heart level. A duplex ultrasound image of the brachial artery (i.e., 2D image and spectral Doppler waveforms) was obtained approximately midway between the antecubital fossa and shoulder. Blood velocity was assessed with the Doppler angle of insonation ≤ 60°. To maintain optimal image quality, the ultrasound transducer was fixed in place with a clamp (Flexbar, Flexbar Machine Corporation, Islandia, NY) following image optimization. To allow imaging of the same segment of the brachial artery in subsequent FMD measurements, the distance from the distal end of the transducer to the antecubital crease was measured and the arm position was photographed.
Reactive hyperemia was induced by rapid inflation to 250 mm Hg of a cuff placed around the widest part of the forearm, followed by rapid deflation after 5 min (E20 and AG 101, D. E. Hokanson, Bellevue, WA). ECG R-gated duplex ultrasound images of the brachial artery were digitally recorded for 1 min to establish end-diastolic pre-occlusion baseline diameter and for 2 min post-occlusion to determine the maximum brachial artery diameter (Vascular Imager, Medical Imaging Applications, LLC, Coralville, IA).
Brachial diameters were measured using a commercially available edge-detection wall-tracking software (Brachial Analyzer, Medical Imaging Applications, LLC, Coralville, IA). A moving average, based on a bin of 3 R-gated images, was applied prior to identifying the peak brachial diameter. FMD was expressed as % change = [(maximum − baseline diameter) / baseline diameter] × 100. Blood velocity was assessed by analyzing the first 15 consecutive spectral Doppler envelopes following cuff deflation and 15 Doppler envelopes during pre-occlusion baseline (Toshiba ultrasound system software). Shear rate (s − 1 ) was calculated as 8 × mean blood velocity/baseline diameter. Ultrasound images were analyzed by the same investigator who was blind to subject ID and exercise session.
Resting blood pressure
Resting blood pressures were measured over the brachial artery using an automated oscillometric device (Dynamap, GE) in a quiet, semi-darkened, temperature-controlled room. The average of three measures was used for analysis.
Body composition
Body weight was assessed to the nearest 0.1 kg using an electronic scale (Tanita, Arlington Heights, IL, USA) while subjects were dressed in light clothing and were barefoot. Fat and fat-free mass and % body fat were estimated from a whole body scan using dual-energy X-ray absorptiometry (Lunar Prodigy Advance, GE, enCore version 8.70.005) as previously described (Hwang et al., 2016) .
Statistical analysis
Statistical analysis was conducted using SPSS (Version 23, Chicago IL) and statistical significance was set at P b 0.05. Data were plotted and examined for accuracy and normality. To examine sex differences in subject characteristics, independent t-tests were used. To examine the interaction among sex, intensity of exercise and timing of measurement on the acute vascular responses to exercise, a three-way (2 × 3 × 3) mixed factorial ANOVA with repeated measures was used. The model included sex as a between-subject factor (male vs. female) and two within-subject factors (timing of measurement: pre-exercise, end of exercise and 60-minute recovery; and exercise type: HIIT, MICT and LICT). Significant three-way interactions were followed by twoway ANOVA with repeated measures for each exercise type separately (HIIT, MICT and LICT) to examine sex × time interaction and for each time point separately (pre-exercise, end of exercise and 60-min recovery) to examine sex × exercise type interaction. When indicated, time main effect was examined using one-way ANOVA with repeated measures. Post hoc multiple comparisons were adjusted using the Bonferroni correction. To examine the influence of post-exercise baseline diameter on FMD response, ANCOVA was used. Data are reported as means ± SE.
Results
Subject characteristics
Subject characteristics are presented in Table 1 . Age was not different between older men and postmenopausal women (P = 0.6). Weight Data are means ± SE. PM: postmenopausal; VO 2peak : peak oxygen consumption; HR peak : peak heart rate; HR rest : resting heart rate; SBP: systolic blood pressure; DBP: diastolic blood pressure.
and fat free mass were greater and body fat percentage was lower in older men compared with postmenopausal women (P ≤ 0.006), but fat mass was similar (P = 0.7). VO 2peak , peak and resting heart rate and resting systolic blood pressure were not different between the two groups (P ≥ 0.1), but diastolic blood pressure was lower in postmenopausal women (P = 0.03). Antihypertensive and antilipidemic medication use was similar in the two groups and habitual physical activity levels, based on accelerometer data, were also similar (434 ± 27 vs. 402 ± 34 counts/min/ day, P = 0.5). Women were postmenopausal for an average of 15 ± 2 years at time of study enrollment, ranging in duration from 6 to 30 years. A subgroup of subjects, 5 older men and 5 postmenopausal women, also completed a control condition, which consisted of seated rest. Subject characteristics were similar between the subgroup and entire group (Table 2) .
Acute effect of exercise on FMD
The FMD response to acute aerobic exercise was influenced by sex, exercise type and timing of measurement ( Fig. 3A-C ; P = 0.007 for sex × exercise type × time interaction). FMD was not different prior to the three types of exercise (P = 0.7) and between older men and postmenopausal women (P = 0.5). Sex substantially influenced the FMD response to HIIT and MICT (P b 0.0001 and P = 0.03, respectively, for sex × time interaction). In older men, FMD was attenuated by 45% following the end of HIIT (P = 0.003 vs. pre-exercise; Fig. 3A ) and by 37% following the end of MICT (P = 0.03 vs. pre-exercise; Fig. 3B ), but there was no difference in the FMD response to HIIT compared with MICT (P = 0.9). FMD returned to pre-exercise levels after 60-min recovery (P = 0.99 vs. pre-exercise, for both HIIT and MICT). Contrary to the FMD response in older men, FMD did not change in postmenopausal women following HIIT and MICT (P ≥ 0.2 for HIIT and P = 0.99 for MICT). In response to LICT, sex did not affect the FMD response (P = 0.3), and FMD did not change from pre-exercise to end of exercise and 60-min recovery (P = 0.5; Fig. 3C ). Overall, the results were the same when FMD was expressed as mm change (data not shown).
Secondary analyses
Acute exercise can potentially influence pre-occlusion baseline diameter, which in turn can affect FMD. Although pre-occlusion baseline diameter was influenced by sex, exercise type and timing of measurement (P = 0.01 for sex × exercise type × time interaction), the FMD results remained the same, even after covarying for pre-occlusion baseline diameter. There was no difference in pre-occlusion baseline diameter prior to the three types of exercise (P = 0.7; Table 3 ), but diameters were larger in older men compared with post-menopausal women (P b 0.0001). There was a significant sex × time interaction (P = 0.01) in response to HIIT but not MICT and LICT: pre-occlusion diameter increased following 60-min recovery from HIIT (P ≤ 0.02) in postmenopausal women, but not in older men (P ≥ 0.3).
Acute aerobic exercise can also potentially influence post-occlusion shear rate, which in turn can affect FMD. Post-occlusion shear rate was similar prior to the three types of exercise (P = 0.6), but was lower in older men compared with postmenopausal women (P b 0.0001; Table 3 ). There was no significant sex × exercise type × time interaction (P = 0.8), which indicates that the type of exercise and timing of measurement affected the stimulus for FMD similarly in older men and postmenopausal women. Thus, exercise-induced changes in post-occlusion shear rate cannot be the explanation for the observed sex differences in the FMD responses to acute exercise. In addition, the change in FMD in response to exercise was not related with the change in post-occlusion hyperemic shear rate (P ≥ 0.1). Therefore, there was no indication to analyze FMD normalized for shear rate. There were no significant two-way interactions for post-occlusion shear rate (P ≥ 0.3), but there was a significant time effect (P = 0.0005): post-occlusion shear rate was elevated after end of exercise (P = 0.001; data combined across exercise types and sex. The subgroup consisted of 5 older men and 5 postmenopausal women who completed the control condition. Data are means ± SE. VO 2peak : peak oxygen consumption; HR peak : peak heart rate; HR rest : resting heart rate; SBP: systolic blood pressure; DBP: diastolic blood pressure. Pre-occlusion shear rate was influenced similarly by sex, exercise type and timing of measurements (P = 0.09 for sex × exercise type × time interaction). Pre occlusion shear rate was similar prior to the three types of exercise (P = 0.4; Table 3 ), but was lower in older men compared with postmenopausal women (P = 0.008). There was a significant sex × time interaction (P = 0.02), therefore values were combined across exercise types due to the absence of a significant three-way sex × exercise type × time interaction: in postmenopausal women, pre-occlusion shear rate was elevated following end of exercise (P b 0.0001), but not in older men (P = 0.2). In addition, there was a significant exercise type × time interaction (P b 0.0001), therefore values of older men and postmenopausal women were combined: pre-occlusion rate was elevated following HIIT and MICT (P b 0.0001), but not LICT (P = 0.99).
Based on the control condition, FMD was similar after 20 min supine rest, following 45-min seated rest and after 60-min supine rest (4.70 ± 0.78% vs. 4.10 ± 1.0% vs. 4.90 ± 0.88%; P = 0.4; intraclass Cronbach's alpha correlation coefficient was 0.9, P b 0.0001). These results indicate that our FMD measures are reproducible and FMD responses to acute exercise cannot be explained by a main effect of time.
Discussion
The current investigation demonstrates for the first time important sex differences in the FMD response to acute HIIT and MICT. In older men, FMD was attenuated after a single bout of HIIT and MICT, and was normalized following 60-min recovery. In postmenopausal women, however, FMD was not significantly changed by a bout of HIIT and MICT. Sex did not influence the FMD response to acute LICT and FMD remained unchanged after a single bout of LICT in older adults.
Sex differences in FMD response to acute exercise
A limited number of studies have examined the FMD response to acute aerobic exercise in older adults, but none of these studies have investigated if sex impacts the FMD response. Sex differences have previously been found in young adults (Hwang et al., 2012) . In young women, brachial artery FMD was attenuated following maximal treadmill exercise, whereas in young men FMD was unaffected by exercise (Hwang et al., 2012) . The factors responsible for the contrasting influence of sex in young vs. older adults are unclear and warrant further investigation. Differences in our exercise and experimental protocols may have also contributed to our contradictory findings, but this remains to be tested.
FMD response to acute exercise in postmenopausal women
In our study, there was a lack of significant change in FMD following exercise in postmenopausal women. However, two previous studies have reported improvements in brachial artery FMD 60 min after a single bout of moderate-intensity walking in postmenopausal women (Harvey et al., 2005a; Harvey et al., 2005b) and greater improvements were associated with lower pre-exercise baseline FMD. Our moderateintensity exercise protocol was similar to the protocol used in these previous studies and the baseline FMD values of our postmenopausal women were comparable to their baseline values. Our conflicting findings might be due to methodological differences (i.e., forearm occlusion in our study vs. upper arm occlusion in previous study) and the older age of our participants (65 ± 2 vs. 54 ± 2 years).
FMD response to acute exercise in older men
Our findings in older men demonstrating acute attenuation in FMD in response to a single bout of HIIT and MICT are in agreement with data in young men, including FMD responses to intermittent cycling at 70% VO 2 peak (Jones et al., 2010) , prolonged exercise (marathon race) , and maximal exercise (Bailey et al., 2012) , although another study reported no change in FMD following maximal exercise (Hwang et al., 2012) . To the best of our knowledge, only one study has been published on the FMD response to acute aerobic exercise in healthy older men. This investigation demonstrated improvements in FMD following a maximal cycling test and was reportedly due to local attenuation of sympathetic responsiveness in the exercising limbs (Thijssen et al., 2006) . Besides the obvious differences in exercise modality and intensity, another important difference between our studies is in regards to the location of the FMD measures relative to the exercising limbs. Our study evaluated FMD in the upper extremity (brachial artery) following lower extremity exercise, whereas Thijssen et al. evaluated FMD in the lower extremity (femoral artery) following lower extremity exercise. We do not anticipate that functional sympatholysis was implicated in our study because the vascular measures were performed in the non-exercising (upper) limbs.
Influence of exercise intensity and caloric expenditure
In the current study, the FMD attenuation in older men in response to HIIT was not significantly different compared with the response to MICT. Our findings suggest that an acute bout of exercise which results in equal caloric expenditure leads to a similar FMD response regardless of whether the preceding exercise consisted of high-intensity intermittent exercise or moderate-intensity continuous training. Our findings might have been influenced by differences in exercise duration, but it is not possible to maintain both the caloric expenditure and exercise duration equal between HIIT and MICT. Future studies should address this factor by designing HIIT and MICT protocols of equal duration, but of different caloric expenditure.
FMD following the end of LICT remained unchanged compared to pre-exercise levels indicating that acute low-intensity exercise does not result in changes in FMD, even though the exercise duration was equal to MICT. It is possible that our findings are due to differences in caloric expenditure between LICT and MICT, but we could either match the exercise duration or caloric expenditure without adding another visit to our already complex study design. Future studies should also examine LICT and MICT protocols of equal caloric expenditure but of different duration.
We are not aware of any studies in healthy older adults comparing the acute effects of HIIT vs. MICT. In older coronary artery disease patients (9 older males and 1 female), brachial artery FMD expressed as % change was unaffected by HIIT and MICT (Currie et al., 2012) . In overweight middle aged and older men, the FMD response to a 45-min bout of treadmill walking at 25%, 50% and 75% of VO 2peak was compared (Harris et al., 2008) . Exercise intensity did not influence the FMD response in that study, however, FMD was attenuated following exercise in inactive overweight men, but was enhanced in active overweight men.
Potential mechanisms for FMD response to acute exercise
The current study did not directly examine the mechanisms underlying the sex differences in vascular responses to acute exercise in older adults nor the mechanisms responsible for the attenuation in FMD following moderate and high-intensity exercise in older men. However, our findings provide the foundation for designing future mechanistic studies on this topic. Based on the literature, some potential contributors to the attenuation in FMD in older men might include exercise-induced increases in sympathetic nervous system activity or increases in vasoconstrictors (catecholamines, endothelin-1, angiotensin II), cytokines, and/or superoxide levels and reductions in nitric oxide bioavailability (reviewed in Dawson et al., 2013) . Transient attenuation in FMD and changes in levels of these circulating factors could indicate an abnormal response to exercise or alternatively may serve as beneficial recurring signals for adaptation eventually leading to long-term improvements in endothelial function in response to chronic exercise training . We postulate that the lack of FMD response to acute exercise in postmenopausal women may be responsible for the absence of consistent improvements in endothelial function to chronic exercise training which are typically observed in older men, but further studies are warranted to test this hypothesis.
Pre-occlusion baseline brachial artery diameter and post-occlusion hyperemic shear rate are related with FMD (Carter et al., 2013; Thijssen et al., 2008) and may be influenced by exercise, which in turn may affect the post-exercise FMD response. However, in our study, after covarying for pre-occlusion baseline diameter our results remained the same indicating that our findings cannot be attributed to changes in baseline diameter in response to acute exercise. Post-occlusion hyperemic shear rate was augmented following exercise, but the change in post-occlusion shear rate was similar in older men and postmenopausal women and was not related with the change in FMD. These findings suggest that the FMD responses to acute exercise in our study cannot be explained by the exercise effects on post-occlusion shear rate.
Strengths and limitations
Our investigation is the first to examine the influence of sex on the FMD response to acute aerobic exercise in older adults. Our study included a control condition demonstrating that our FMD measures are reproducible and that our findings are not due to a time effect. An additional strength of our study design is the measurement of FMD at two time points postexercise thus assessing the time course of the FMD response. The postexercise FMD response is thought to be biphasic, in humans and animals, consisting of an initial attenuation in FMD after exercise followed by normalization or improvement in FMD (reviewed in Dawson et al., 2013) . Most previous studies examined FMD at a single time point following exercise which may have contributed to the many conflicting findings on this topic.
Another strength of our study is the exclusive focus on female subjects who were postmenopausal which eliminated the potential confounding influence of widely fluctuating levels of estrogen that are commonly present in the perimenopausal years. None of our subjects were on hormone replacement therapy which could have influenced our findings. Our subjects were also free of major clinical disease, but some were on a stable drug regimen for controlling hypertension or abnormal blood lipids. It is common for older adults to be on antihypertensive and antilipidemic medications, which enhances the generalizability of our findings to the aging population. Although medications may have influenced our results, medication use was similar in older men vs. postmenopausal women and was maintained the same across visits. This factor, therefore, should not be responsible for the observed sex differences in vascular responsiveness to exercise or differences among exercise types. Our results also do not appear to be due to differences in habitual physical activity between older men and postmenopausal women, because activity levels were similar in the two groups and this was confirmed using accelerometry.
Our study also has some limitations. Our results are based on FMD measurements performed at 20 and 60 min postexercise. Timing of postexercise measurements is known to influence the results (reviewed in Dawson et al., 2013) . Future research should extend our findings by investigating the postexercise FMD responses in older men vs. postmenopausal women using multiple assessments up to 48 h postexercise.
The focus of the current study was to examine the sex-specific FMD response to acute aerobic exercise in older adults. We did not evaluate the effect of exercise on vascular smooth muscle responsiveness to nitric oxide (i.e., endothelium-independent dilation) because nitroglycerin administration may interact with exercise and influence the postexercise FMD measurements. Based on previous studies in healthy young and older adults, nitroglycerin-induced dilation does not change in response to exercise despite changes in FMD (Harvey et al., 2005b; Llewellyn et al., 2012; Tinken et al., 2009 ). Further research is needed to examine the acute effect of exercise on endothelium-independent dilation in healthy older men compared with postmenopausal women.
Conclusions
In conclusion, the current investigation provides novel evidence that sex influences the FMD response to acute aerobic exercise in older adults. FMD was attenuated in response to a single bout of HIIT and MICT and was normalized following 60-min recovery in older men, whereas in postmenopausal women FMD was unaffected by acute exercise. A single bout of LICT did not influence FMD in older adults.
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